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ABSTRACT 



We study in the effective Lagrangian approach the possibility of probing anomalous top 
quark charged current couplings in the single top production at a high energy e^ collider. 
We analyzed all possible dimension- six CP-conserving operators which can give rise to an 
anomalous Wtb coupling which represent new physics effect generated at a higher energy 
scale. For those operators which also give rise to anomalous Zbb or right-handed Wtb 
couplings, we find that they are strongly constrained by the existing Rj, and b — > sj data. 
As a result, a collider with a luminosity of the order of 100 fb~ l is required to observe the 
anomalous effects. For other operators which currently subject to no strong constraints, the 
high energy ej collider can probe their couplings effectively because of the clean environment 
of such a collider. 



PACS: 14.65.Ha, 12.60.Cn 



1. Introduction 



The standard model (SM) has been proved to be phenomenologically successful. However, 
it is also generally believed that the SM will be augmented by new physics at higher energy 
scales. It is a challenge to search for ways to reveal the new physics effects at either the 
existing accelerators or the possible future ones. The top quark, because of its large mass, is 
believed to be more sensitive to new physics than other particles [1][2]. Hence, if anomalous 
top quark couplings exist, they may readily manifest themselves in the processes of top quark 
production and decay, and they may also affect the decay width of Z to bb and b decays. 

To probe the anomalous Wtb coupling, the single top quark production &y — > tbu at 
a high energy cy collider has been analyzed in [3] [4]. It was argued that because of the 
low background events, the top quark coupling Wtb can be measured with high precision, 
much better than in hadron colliders, the Tevatron and LHC. Therefore, more sensitive tests 
of the Wtb can be achieved in an collider. In these early works, the probing of the 
Wtb coupling was done in isolation, its possible relations to other couplings and, therefore, 
possible constraints were not taken into account. 

In this paper we re-examine the possibility of probing anomalous Wtb at an c-f collider 
in a more structured theoretical framework in which other couplings will come into play. We 
pay special attention to the effects of the latter and analyze the experimental constraints from 
R b at LEP I and the experimental data on b — > s + 7 at CESR. Presently the experimental 
data on R b is consistent with the prediction of the standard model within 1.4<r[5], which may 
in turn put strong bounds on some of the anomalous couplings of the top quarks. 

A systematic, model independent framework for exploring anomalous top quark couplings 
is the effective Lagrangian. It introduces no new particles and can be made to deviate from 
the SM very slightly as required by the current data. There are two common approaches to 
the effective Lagrangian of the top quarks in the literature. They are formulated in terms of 
either the non-linear or linear realization of the electroweak symmetry. In the case of linear 
realization, the new physics is parameterized by higher dimension operators which contain 
the fields of the SM and are invariant under the SM symmetry, SM SU C (3) x SU L (2) x U Y {1). 
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Above the electroweak symmetry breaking scale but below the new physics scale, the effective 
Lagrangian can be written as 



where Co is the SM Lagrangian, A is the new physics scale, Oi are dimension-six operators 
which are SU C (3) x SUl{^) x Uy(1) invariant and Cj are constants which represent the 
coupling strengths of Oi. This expansion was first discussed in Ref.[6]. Recently the effective 
operators involving the top quark were reclassified and some are analyzed [7] [8]. In this paper, 
we use such linearly realized effective Lagrangian and analyze all possible dimension-six CP- 
conserving operators containing anomalous Wtb couplings. For those operators which also 
give rise to anomalous Zbb or right-handed Wtb couplings, we will examine their experimental 
constraints from the recent Rb data at LEP I and from the b — * 57 data at CLEO. Our 
analyses show that the existing experimental data strongly constrains the coupling strength 
of these operators. For other operators which subject to no strong experimental constraints 
so far, we find that the high energy collider can provide an effective probe to their 
couplings. 

This paper is organized as follows. In Sec. 2, we list the dimension-six operators which 
contribute to Wtb couplings. In Sec. 3 we derive the bounds from the data of Rb and b — > 57 
for those which give rise to anomalous Zbb coupling or right-handed Wtb coupling. In Sec. 4 
we determine the possibility of probing anomalous Wtb coupling in the single top production 
at the high energy collider. Finally, in Sec. 5 we conclude our paper with discussions and 
a summary. 





2. Operators contributing to Wtb couplings 



The dimension-six operators which contribute to the Wtb couplings are give by 




qL-fT'D^L + D-q^r'qj] W^ 



(2) 



(3) 
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Db = (q L DMD^ + (D^y(D^q L ), 

CW* = [(q L <T^T I b R )$ + &(b R a^T I q L j\w I , 

O t3 = t[(^D^)(i Rl % R - (D^)^(b R Yt R ) 

Dt = (q L D,t R )D^ + (D^y(D^q L ), 

CW* = Uq L <T^TH R )$ + &(t R ^T I q L )]wl,,, 



(4) 
(5) 
(6) 
(7) 
(8) 



where we follow the standard notation [7] [8] : q L denotes the third family left-handed doublet 
quarks, $ and $ are the Higgs field and its equivalent complex conjugate representation, 
W^ v and B^ v are the SU(2) and U(l) gauge boson field tensors in the appropriate matrix 
forms, and denotes the appropriate covariant derivatives. 

The expressions of these operators in the unitary gauge after electroweak symmetry 
breaking are given as 

1, 



O, 



qW 



o, 



(3) 



o 



Db 



o 



bW$> 



-W 6 
2 ^ 

1 

+ 



irfdrtL + d v t Ll n L - b Ll »d v b L - d v b Ll »b L 



w+{i Ll »d v b L + arh-fbL) + w-{i Ll »d v t L + d v l Ll n L 



V2 

-*Ml7 M [W„ W v ] d v q L - ig 2 d v q Ll » [W„ W v \ q L - ig 2 q Ll » [W^, W v ] q L , (9) 



--gz{H + vfZ^ [t L -ft L - b Ll %L 



+^92(H + vf [w+i L l"b L + W-b Ll n L 
1 



(10) 



2^2 

i 

+ W2 



d^bb) + b^d^b - (^6)756 + -giB^bi^b 



g z {H + v)Z» 



(d,b)b - W,b - d,(h 5 b) - i-giB^bb) 



--g 2 (H + v) 



:h+v) 



W+{i L d»b R + i 9 -±BH L b R ) - W-(d^b R t L - i^B»b R t L ) 

1 



W+iho^bn) + W~(b R a^t L ) - —W^ba^b) 



Oa = 



+ig 2 (W+W^ - WlW+){i L ^ u b R ) - ig 2 (W-W* - W*W;)(b R a»>'t L ) 
+i^(W+W~ -W-W u + )(ba^b) , 

^92(H + vf [w+(t#fb R ) + W-{b Rl H R ) 



(12) 
(13) 
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o Dt = 



o 



tw<s> 



2^/2 



4 _ ' 

dn(tt) + t^d^t - (d^t)>y 5 t - i-giB^t 



tdpt - (d^t)t + d„(t7 5 *) - i^giB^t 



l -g 2 (H + v)W- l 



(dH R )b L + i- gi BH R b L 



+i-g 2 (H + v)W} 

^(H + v)(ta^t) [Wl v - ig 2 (W+W- - W~W U + ) 
+ 1 -{H + v)(b L a^t R ) [W~ - i 9 2{W-Wl - WlW-) 
+\{H + v)(t R a^b L ) [W+ - ig 2 (WZW+ - W+W?) 



(14) 



(15) 



where gz = 2m z /v = \jg\ + g\ with v being the vacuum expectation value of the Higgs 
boson. 

The first four operators induce anomalous Zbb couplings which will affect R b . All oper- 
ators contain an anomalous Wtb coupling and the operator in Eq. (15) contains the Wtby 
coupling. Both couplings contribute to the single top production at the collider. The 
induced effective vertices for the couplings Zbb, Wtb and Wtlry relevant to our analyses are 
given by 



'Zbb — 



'Wtb 



'Wtby 



C r 

" n W Z^{h»P L d»b + d»h»m + ^{vm z )Z^PLb) 



A 2 2 
C Db m z 

A 2 2^2 



i{d^bb - bd^b) - id^b^b) 
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CbW<S> C\v v 



Z^ba^b), (16) 



C q W 1 



r (3) n 



j^r^w^p^b + 9W) + -j^J^w+it-fPLb) 
-^ 2 fwt(itP Rd %) + ^^W) 

+ A 2 2 y/2 » 17 R ' A 2 y/2 V2 " 1 ' 
+ ^ V Mia^P L b), 



A 2 2 

^( t 2g 2 s w )W+A u (ia^P R b), 



(17) 
(18) 



where $w = sin 9w an d c w = cos9 w . 



3. Current bounds from experimental data 



For the on-shell Z, we obtain the effective vertex Zbb 



r„ = — i 

As w c w 



IpV - l^A + ^(P6 - Pb)nS 



(19) 



where p b and p& are the momenta of outgoing quark and anti-quark, respectively. We write 
the vector and axial-vector couplings as 



V = v b + 5V, 
A = a b + 5 A, 



(20) 
(21) 



where v b and a b represent the SM couplings and SV, S A the new physics contributions. The 
SM couplings are given by 



Vb 



a b 
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3L 
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31 
b i 



(22) 
(23) 



where e b = —1/3 is the electric charge and I b L = — 1/2 the weak isospin of the b quark. The 
new physics contributions 5V and 5 A are given by 



5V 
S 



5A 



2s\yCw vm z 



e A 2 

SwC\V m b V 



c w m z ( 3 ) 

^gW — ~ 



2v 



Cob— C b w<S>Cw 

2v 



(24) 
(25) 



e A 2 y/2 

In terms of the vertices given in Eq . (|I9|) , the observable R b at LEP I is given by, to the 



order of -p, 



Vb + a l 



d _ r>SM 
— tt b 

where we have neglected the bottom quark mass. Thus we have 



5V = 6 A 



rjexp tdSM „,2 i „2 



'l-Rl M )Rl M 2{v b + a b ) 
The SM values on R b and the latest experimental data are [5] 



(26) 



(27) 



H b 



0.2158, R e b xp = 0.2170(9). 



(28) 



/From Eq.(|27D and Eg . p8|) , we obtain at the la (3a) level 

- 0.0053 (-0.01) <5V < -0.0007 (0.004). (29) 

(3) 

Assuming that no cancellation between O q w and occurs, we obtain the bound for each 
of them at the la (3a) level 

-0.5 (-1.03) < (A ^ V)2 < -0.07 (0.41), (30) 

C (3) 

0.01 (-0.07) < (A/ ^ g v)2 < 0-09 (0-17). (31) 

Since the operators Obw<s> and Oob only appear in the S factor in Eq. (25), their contribu- 
tions to Rb at LEP I are proportional to rrib/mz and hence suppressed. Therefore, they are 
not constrained by Rb at LEP I. However, as Eq. ([L7|) shows, Obw<$> induces a right-handed 
weak charged current, and thus it will be constrained by the CLEO measurement on b — > S7 
[9]. The latest limit can be found in Ref. [10], i.e., 

- 0.03 < %g ^ Vmt < 0.00, (32) 
A 2 g 2 



which gives 

- 03 <w^<°- < 33 > 

For O t 3, Out and O t w<s>, they are not constrained by Rb at the tree level. However, at 
one-loop level they contribute to gauge boson self-energies, and thus rather loose bounds 
exist [7] with significant uncertainties. However more reliable, but still rather weak, bounds 
for them can be obtained from the unitarity bound [7]. For A = 1 TeV, the unitarity bounds 
are given by [7] 

(Cy < 61.5, \C Dt \ < 10.4, |CW*| < 13.5. (34) 



4. Effects on single top quark production at ej colliders 
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Now we examine the effects of the operators in Eqs. (2)- (8) in the single top production 
at high energy colliders. The tree diagrams are depicted in Fig. 1. We note that the 
effects of O q w is g 2 -dependent and it can be enhanced with higher collider energy. Since 
the other operators are momentum independent, they do not have the energy enhancement 
effect. Therefore, O q w is of special interest and we will present its treatment in some detail. 
For the other operators we will only present the resultant upper bounds we obtained on their 
couplings that can be probed at the cj collider. 

4.1 Effects of O qW 

With the effective coupling given in Eqs. (|T7j) and (|I8"D, the relevant Feynman rules, Feyn- 
man diagrams, and Feynman amplitudes are implemented in our program package FDC97 
[11]. We take m t =175 GeV, m 6 =4.3 GeV, a E w(m z )=l/128, |T4|=0.9984, m z =91.187 GeV, 
sin 2 #vk=0.232, m w =m z cos 6 W , T z =2.50 GeV and Fvk=2.09 GeV. 

For O q w, the coupling strength C q w / 'A 2 can be determined from Eqs. (|26|) and (1241), as a 
function of Rb. In order to show the effect of the constraint from the experimental value of 
Rb, it will be interesting to investigate the contribution of O q w to the cross section and the 
luminosity required to observe the effect of O q w as a function of Rb- 

The center-of-mass energy of the ej is determined by that of the e + e~ collider in which 
one of the lepton beams, say that of the e + , is back-scattered from a laser beam to produce 
the high energy photon beam. Hence, the photon beam so produced falls into a spectrum 
of energies for a given beam of e + energy. We refer to Ref. [12] for the details of the 
photon beam energy spectrum. The measurable cross section for the reaction — > tbv is a 
convolution of the reaction cross section at fixed energy with the photon energy spectrum. 
As the photon energy spectrum is completely determined by the center-of-mass energy of 
the e + e~ collider E e + e - [12], we will use the latter to represent the effective center-of-mass 
energy of the e^j collider. 

In Fig. 2, we show the contribution of O q w to the total cross section of the single top 
production as a function of Rb- The solid and dashed curves are for E e + e - = 500 GeV and 
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1 TeV, respectively. One can see that the experimental data on R b , i.e., R e b xp = 0.2170(9), 
has severely constrained the contributions of O q w to the single top production rate. For 
example, with Rb varied within 2a, i.e., 0.2152 < Rb < 0.2188, the contribution of O q w to 
the single top rate of the SM prediction is limited to be less than 8% and 4% for E e + e - = 1 
TeV and 500 GeV, respectively. 

As we pointed out earlier, since the effects of O q w is g 2 -dependent, its effects will be 
enhanced as the collider energy increases. In Fig. 3 we plot the total cross sections of 
single top production, with and without the contribution of O q w, as a function of center- 
of-mass energy. Here we see that the effects of O q w are enhanced significantly when the 
center-of-mass energy is above 1 TeV. 

The existence of O q w will also affect the distribution properties of the final state particles. 
In Fig. 4, we plotted three distributions, da/dcosQ^b, da/dpf and da/dpj. Here 9^ is the 
angle of the 6-quark with respect to the incident photon direction in the e + e~ rest frame, 
and pj and pj are transverse momentum of i and b quarks, respectively. These figures also 
show that the new physics contribution can be enhanced relative to the SM prediction if 
appropriate cuts on the transverse momentum and the angle are imposed. We found the 
optimal cuts to be 

cosfl 7fc <0.84, pf > 70GeV, pj > 30GeV. (35) 

To estimate the luminosity required for observing the effects of O q w, we define the sig- 
nificance of the signal relative to the background in terms of Gaussian statistics, in which a 
signal at the 99% CL is defined by 

S > 3VSTB, (36) 

where S and B are the number of signal and background events. Applying the cuts of 
Eq.(^), we obtain the luminosity required for observing the effects of O q w at 99% C.L. 
as a function of Rb- This is shown in Fig. 5, where the solid and dashed curves are for 
100% and 30% of detection efficiency, respectively. The upper (lower) curves correspond to 
negative (positive) values of C q w/A- 2 . One can see that if Rb is constrained within 2cr of the 
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experimental value, the required integrated luminosity is 4 fb~ 4 (20 fb~ 4 ) for 100% (30%) of 
detection efficiency. For a 1 TeV ey collider with L = 10 fb -1 and 30% detection efficiency, 
the absence of a anomalous top quark production will set a bound 

-°- 85< (a^vF < - 38 - (37) 

which is slightly stronger than the corresponding 3<r bound from Rf, as given in Eq. 



(3) 

4.2 Effects of O^, O bw $, Dh O t3 , Dt and O t w$ 

The effects of these operators can be analyzed similar to that of O q w but they are 
momentum independent and thus cannot be enhanced when the collider energy increases. 
Here we only present the results of our calculation on the upper bounds of each of them by 
assuming the existence of one operator at a time. For E e + e - = 1 TeV, L = 10 fb _1 and a 
detection efficiency of 30%, they are given by, at 99% C.L., 

r (3) 

-1.9< < 2.1, (38) 



-° M < (aTW k °' 80 ' (39) 

- n - 8< W§vf K 150 ' (40) 

- 18 ' 5< (a^vF < 12 ' 8 ' (41) 

-0.65 < < 0.46. (43) 



(3) 

We note the bounds on 0$ and Obw<s> are also weaker than the current ones set by Rb and 



b — > 57 as given in ( plf ) and fl33|). For t3 , Od 4 and Otn/$, these bounds are much stronger 
than their corresponding unitarity bounds which are given by [7] and quoted in Eq. 

5. Discussion and summary 
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In our analyses we assumed the existence of one operator at one time. However, if they 
coexist, their effects have to be disentangled in a degree by analyzing additional measurable 
quantities and by examining how all the measurable quantities change under the variation of 
the couplings of the operators involved as shown in Ref. [13] and [14]. Such detailed analyses 
are not warranted at the present time and we will be content ourselves by a few pertinent 
remarks: 

(1) The contribution of O q w is momentum dependent and thus the behavior of the cross 
section versus E e + e - is different from that predicted by the SM, as shown in Fig. 3. So we 
can disentangle the effects of O qW from the behavior of the cross section versus E e + e -. 

(2) Since the effects of other operators, 0$ g , Obw®, Opb, O ts , Opt and O t w$, are mo- 
mentum independent, the behavior of the cross section with their contribution versus ^/s 
is the same as that predicted by the SM. Thus it is hard to distinguish one from another 
among these operators. However, the effects of 0$ q and Obw®, which subject to similar 
current constraints as O q w, have limited effects at colliders. If the new physics effects at 
e7 colliders are found to be larger than such limited effects presented in Figs. 2-4, we could 
say they may arise from Oob, O t 3, Out or O t w<s> and more detailed study of these operators 
are necessary. 

To summarize, we used the effective Lagrangian approach to the new physics of the 
top quark to study the possibility of observing anomalous Wtb couplings in the single top 
production at a high energy ey collider. Our results indicate that a luminosity of the order of 
100 fb~ l is needed to reveal the effects of those operators which are subjected to the stringent 
constraints obtained from Rf, and b — > 57. For the operators which are not subjected to any 
bounds presently, meaningful limits of their couplings can be obtained at a collider. 
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Figure Captions 
Fig.l Feynman diagrams for 7e — ► vtb. 

Fig.2 The ratio of Aa/asM for the reaction — > vtb versus R b , where Act = a — <jsm 
with a and asM being the cross section with and without the contribution of O q w, 
respectively. The solid (dashed) curve is for E e + e - = 500 (1000) GeV. 

Fig.3 Cross section of reaction 7e — > vtb as a function of E e + e -. The thin line represents SM 
expectations, while the dashed and thick lines are the results with the contribution of 
O qW for R b = 0.2152 and R b = 0.2188, respectively. 

Fig.4 The distribution of differential cross section of the reaction 7e — ■> vtb versus cos 8^, 
pj and p[. The thick and thin lines represent the SM predictions and the predictions 
with the contribution of O q w for R b = 0.2188, respectively. 

Fig. 5 The luminosity required to detect the effects of O q w at 99% CL as a function of R b . 
The solid (dashed) curves are for 100% (30%) of event detection efficiency 
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